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Introduction 


Electrical  and  optical  properties  of  impurity  centers  in  semiconductors 


such  as  energy  level  scheme,  thermal  and* optical  cross  sections,- and  thermal 
emission  rates  have  been  measured  and  studied  using  tho  steady  state  and 
transient  photoconductivity  measurements, “infrared  -absorption ;-Hall 'effect 
and  conductivity  over  a  wide  range  of  temperatures,' thermally  stimulated 
conductivity  and  fether  methods.^  These  measurements  are  performed  on  uniform 
sample  near  thermal  equilibrium  whero  both  emission -<md -capture *of  electrons 
and  holes  at  the  center  proceed  at  comparable  rates.  The  nonlinearity  and 
the  carrier  concentration  dependences  of  the  capture  processes  result  in 
complex  photoconductivity  decay  and  large  uncertainty  in  the  cross  section 
data.  In  this  paper,  several  measurement  techniques  of  these'thennal  end  Optical 
parameters  using  reverse  biased  p-n  junctions  are  discussed  which  have  simple- 
exponential  decays:  since  the  capture  rates  are  negligible.  Detailed  measurements 
have  been  made  on  the  gold  acceptor  and  donor  centers  in  silicon. 

II.  Thermal  Emission  Rates  from  Dark  Junction  Current  and  Capacitance  Transients 

The  thermal  emission  rates  of  electrons  and  holes,  e*  and  e*.  from  the 

n  p  ’ 

impurity  centers  are  obtained  by  either  the  dark  junction  capacitance  or  current 


transient  or  the  photocurrent  transient  under  square  wave  illumination. discussed  in  IV. 

The  dark  capacitance  transient  experiments  wpre  performed  by  recording  the 
high-frequency  small-signal  capocitance  of  a  PtN  (p-side  very  heavily  doped  compared 


with  n-side  which  has  a.*  spatially  uniform  impurity  concentration  of  N„)  or  N+P 
*  “  1 
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diode  after  the  junction  voltage  is  switched  fi^on  0  to  a  large  rr««rse  bias  -V  . 
The  capacitance  rise  with' tine  after  switching  comes  from  the.  emi*  .of  the 

electrons  at.  the.  impurlty  cantors’ in- the  depletion-region- vhiclv.wero  trapped 
when  V^so,  This  is  given  by 

Cs<t>  •  ,Kj( t )A?/2KS c^( Vb+VR )  (1> 

»he»  K§  Is  the  static  dielectric  constant  of  the  semiconductor,  c  ■B.BSxlo'1* 

r/“*’  VD  11  th*  helght-at  zero  hi.,.,*.  i,  tho.magnltud.  of  the 

reverse  bias,  and  A  is  the  junction  area. 

The  net  ionized  impurity  concentration  contains  both  the  fixed  shallow 
level  donor  of  the  n-type  side  and  the  trapped- electron's rotcthr  deep-level  v  aretes- 

impurity,  centers  whose  properties  are  to  be  determined.  For  a  P+H  junction,’ 
these  are  given  by 

Nj(t)  ■  Hd  ♦  pT(t)  donor-like  center 


«  ND  -  nT(t) 


acceptor-like  center 


Tor  K.P  junction,  th.  sign  of  th.  time  dependent  terms  ere  changed.  Th.  trepped 
hole,  p/t),  and  .lectron,  l^it),  concntration.  are  given  by  th.  solution  of 
th.  linear  kinetic  equation  diydfle'e.*)^  .  .her.  K^en^  1,  th.  total 

d..p  level  impurity  concantratlon.  Tha  Initial  and  final  ecndltloia  are 

V°>  ■  w<  W1  (,) 

4  WTT  junction)  /aA\ 


(N+P  junction) 


(3B) 


The  eolution  for  the  trapped  electron  concentration  ie  then 
yt)  ■  nT(.)  t  cyo)  -  nT(-)]exp(-t/r0M) 
uher.  yWeV), 


(5) 


Tim.,  •  measurement  of  the  tin.  cone  tart  elves  directly  th.  cun  of  th.  emission 

rates,'  Additional  data  of  CJ(0)  and  C5(-)  and  from  control  sample  would  elva 

Nrr  tfr“"  cJ(0>  and  "d  for  '  f*»  junction]  and  th.  ratio  aj/a*  so  that  a*  and 
ep  can  be  individually  detemined. 

Th.  capacitance  nethod  Is  United  by  th.  lnstrunant  response  and  1. 

particularly  useful  at  low  tenperatures  where  th.  thermal  emission  rates  ar*  - 

long.  Typical  experimental  data  of  a  sold  doped  silicon  P.ll  diode  1.  shown  in 

«E.  1  (a)  and  (b)  Indicating  th.  expected  behavior  and  th.  true  exponential 
response. 


Tor  higher  temperatures  when  th.  junction  current  la  sufficiently  high, 
th.  emission  rates  can  be  determined  from  the  waveform  •  of  th.  dark  Junction 
current  transient  during  <  ....  .witching  from  0  to  a  large  rovers,  bias  -VR. 

The  Junction  current  contain,  two  component  during  th.  transient  ph...  after 

thdng  from  0  to  -VRi  the  conduction  and  the  displacement  currents.  These 
are  given  by 


and 


1cn(t)  B  A/0  4<*»/dt)Tdx  ■  *•**,<« )ft(t)A  n^fCx) 

t  + 

fW 

id(t)  •  AJ^  q(dn^/dt )(x/W)dx  ■  (qA/ZXdi^/dtWt) 


(6) 

(7) 


vhar#  W  it  tha  width  of  the  transition  region, 

(dn/dt^n,  L*  the  electron  emission  rate  from  the  center,  di^/dt  and 

liven  by  (5).  The  two  current  component,  are  evaluated  at  x-W.  The  total  , 
junction  current  is  then 


are 


l(t)  .  (gkA /J)(.JpT  t  e^) 


"here  ^(t J.X^-p^ft)  is  given  by  (5).  Thus,  a  measurement  of  the  ratio 
1(0)/1(.)  .  (l/2)(i  t  . l/.p(W  (P+N  Junction) 

(MeP  junction) 


•  — 

■  (1/2)(1  ♦  •J/®n>(w0/W4t) 


(V) 


"3“ 


end  th.  decay  tin.  constant  T^.l/lo'toJ).  would  give  and  o'  directly  If 

H  docs  not  chance  appreciably  with  timo  or  V  SW  ;  when  N  «B  .  if  ii  >. 

o  *'  ■  XT  D  XT 

comparable  to  Np  (or  N^)»  then  a>  correction  from  can  be  made  using  the 

capacitance  data.  A  typical  experimental  data  is  given  in  Fig.2(a)  and  (b) 
showing  slight  departure  from  true  exponential  due  to  W*H(t). 

HI.  Optical  Cross  Sections  from  Photocapacitance  and  Photocurrent  at 
Low  Temperatures 

The  optical  omission  rates  ,,eR  and  e®,  and  tho  optical  cross  sections, 

.“■«°<Xu).<Kw)  and  .ps°p(Mw).(Hu)  where  e(Xu>  Is  the  monochromatic- photon  flu* 

•t  Xu,  can  b.  obtained  readily  at  lew  temperature,  when  th.  there,.!  omission 

rotes  or.  negligible.  Under  thl.  low  temperoture  condition,  th.  results 

obtained  for  the  high  temperature  dark  capacitance  and  current  transient. 

given  by  (1)  to  (9)  are  all  applicable  here  provided  that  e*  Is  replaced  by  e° 

.nd  1.  replaced  by  e«.  The  waveforms,.  e,  both  th.  c’(t)  .nd  l(t)  transient. 

sr.  identical  except  that  an  Initial  current  .pike  In  th.  dark  currant  tran.l.nt 
does  not  appear  here. 


An  additional  variable  paramotor  In  those  photooxeltotlons.  not  ovall^i.  • 
In  th.  dork  or  th.n.,1  oxeltotlon  in  ...tlon  11.  1.  th.  wov.  l.ngtb  of  light. 

Tor  an  deep  l.v.1  not  axactly  located  ot  th.  mldgip  position,  th.  photon  energy' 
be  varied  so  thot  either  .»  or  .»  is  mad,  zero.  r.r  examplo.  trice-  .  Pom 
*old  doped  SI  Junction  ot  77»K.-  Th,  oeeoptor  level  1,  Seated  ot  E^.o.s,  .v 

and  VV“'ej  *V-  *>•"  Kw.0,5.  .V,  v,  have  .«>»  while  e°.o.  Suppose  th.t 

the  Junction  I.  .witched  from  0  to  -VR  rovers,  bios  ot  77«K  and  tbon  eonochromatle 
light  with  0.S9  .V  1.  dlroct^te  th.  Junction.  Th.  Junction  eopeelt.ne.  would  rls. 
with  .  timo  const. nt  of  t^.l/.J  and  th,  ratio  of  Inltlol't.  final  v.lu.  1, 

CC(0)/C(.>]S.1.(I1tt/1,d)  giving  th.  ratio  As  th.  photon.„orgy  is  Increased 

to  Xw>VV  o°  hoeomo,  nonzero  ond  Wl/<.°„°>.  In  .ddltio„.  th,  esp.clt.ne. 


ratio  becomes  CC(0)/C(-)3J<l-(MTT/MD]/Cl-(HTT/lfI)>e°/(e®+oJJ)].  Since  N^/Mp  was 

already  determined  at  longor  wavalongth,  both  e°  and  e°  can  bo  determined. 

n  p 

*or  *n  acceptor  level  located  above  midgap  such  as  gold  in  Si, 

we  have 

(•J/tf*  ■  CC(0)/C(-)]J  -  CC(0)/C(-)]J+  (10) 

where  X  is  the  wavelength  of  light  with  Ww>ET-Ey  while  Xe  is  that  with 

A  typical  experimental  data  showing  the  feature  just  described 
is  given  in  Fig, 3  where  the  0.59  eV  photoexcitation  remove  all  the  electrons 


trapped  at  the  gold  acceptor  level.  E^aO.54  eV.  giving  a  capacitance  change 
of  6.0-5.2«0.8  pF  while  at  a  shorter  wave  length  of  0,67  eV,  photoemission-Of?- 
holes -results  in  a  steady  state  trapped  electron  concentration  of  nT(«*)/K<rr 
*4p^ep+en^®*0*-5»6323/C6.0*-5.22]=l/2.1  so  that  e°/«»°«l.l.at:0;67  eV. 


IV,  Optical  and  Thermal  Emission  Rates  from  Photocapacitance  and  Photocurrent 
at  High  Temperatures 

Three  type  of  initial  conditions  for  the  trapped  charges.  n^(0).  can  be 

employed  in  this  most  general  case  where  both  thermal  and  optical  emissions  must 

be  included  in  analysing  the  experimental  data.  These  aret  (l)the  dark  steady 

state .  (2)the  equilibrium  and  ( 3 )band-impurity  photoexcitation  at  two  different 

and  denoted 

intensity  levels.  (1)  was  previously  proposed/as  the  impurity  photovoltaic  effect. 2/ 

(2)  makes  use  of  the  same  initial  condition  as  in  sections  II  and  III  and  provides 

simplification  and  unique  interpretation  oi  results  because  of  asymmetry  between 

electrons  and  holes  and  (3)  can  be  used  to  extend  the  light  chopping  rate  to 

nanosecond  speed  using  electro-optics  techniques.  We  shall  describe  only  the 

initial  condition  listed  under  (1),  The  others  are  discussed  elsewhere.—^ 

For  the  type  (1)  initial  condition,  we  suppose  that  the  on-duration  of  the 

square  wave  light  is  much  longer  than  the  rise  time  constant,  t  ^■I/(ette°tette0) 

n  n  p  p  • 

then  during  the  turn-on  transient  by  light  with  junction  reverse  bias  -V.  on  at 

Jl 
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(11) 


all  time,  ve  have 

v»  ■ 

and 


M->  ■  N„C(e%e®)/(e%e°+e%e0)] 
1  rr  p  p  n  n  p  p  J 


'on  >>  T0N 


(12) 


MO  is  given  by  (5)  with  TAM«l/(e%e0+e%e0).  V'.-  t’t'r-4 v 
*  on  n  n  p  p  1 

The  initial  and  final  valuoa  of  n„  during  the  turn-off  phase, :8s(),  are  just 
those  given  by  (11)  and  (12)  interchanged  and  n^(t)  is  still  given  by  (5)  but 


Torrel/(  *£**>*• 


The  capacitance  transients  during  turn-on  phase  will  either  rise  or  decay 


depending  on  the  ratio  of  optical  to  thermal  emission  rates,  for  a  PtN  diode, 

the  capacitance  willi  (l)rise  if  (®*/®*)<(e>°)»  (2)stay  constant  if  (et/et).(e°/e°) 

•  'it  p  n  p  npnp 

or  (3)decay  if  (®n/«J)>(e°/«p).  (1)  and  (3)  are  interchanged  during  the  turn-off 

phase.  The  capacitance  transients  can  be  used  to  determine  the  sum  of  e'+e'  and 

t  o  t  o  n  P 

WV*P  °r  ®n*®p  from  th®  turn"on  and  turn-off  time  constants.  In  addition, 

a  ratio  of  ej/e®  or  e£/e®  can  be  determined  If  ND  (or  N^)  and  N^  are  determined 

from  other  experiments. 

The  photocurrent  transient  can  be  obtained  directly  from  (8)  using  (5)  and 

the  initial  and  final  valuoa  given  by  (11)  and  (12). if  the  thermal  emission  rates 

in  (8)  are  replaced  by  the  total  emission  rates,  e  M^e®  and  e  ■e%e°.  The 
•  n  n  n  p  p  p 

total  current  during  the  turn-on  phase  is  given  by  . 

"  (<lWA/2)[(epte®)pir  ♦  (eVe®)!^] 


for  the  case  of  constant  V  or  low  N,^  compared  with  or  N^,  This  is  also  valid 
for  arbitrary  in  a  PtINt  diode  operated  in  the  punch-through  mode  so  that  V 
is  the  width  of  the  constant  I-layer. 
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The  turn-off  phase  current  can  be  readily  obtained  in  the  same  way  and 

is  obtained  from  (13)  by  interchanging  e'Ve0  or  e  with  e*  and  e'+e0  or  e  with  ' 
>  n  n  n  n  p  p  p 


Due  to  the  abrupt  change  of  the  emission  rates  at  t»0  and  tat*.,  when  the 

ON 

light  is  turned  on  and  off,  photocurrent  steps  are  obtained  and  denoted  by  Smf 

OK 

and  SOFF  dS  indicated  in  Fig.  4.  These  are  given  by 

i 

SOH 


n  p 


Sorr-qANTTH(.J.S.^2.V)/2(.n+.p)  I 

The  total  photocurrent  transient,  excluding  the  initial  step,  are  denoted  by 
and  in  Fig.  4.  These  are  given  by  ^ 

and 

(15) 

‘oft-  x.'-.;  x  v„ ) 

It  can  be  readily  shown  that  U0N/S0M|  <  1  and  IAorr/sorrl  <  1.  This  mean, 
that  the  Initial  steps  of  the  turn-on  and  ^urn-off  transients  must  be  greater 
than  one-half  of  the  total  steady  state  photocurrent i  >_  t^/2  and 

SOFF.-  ASS/2* 

Three  shapes  of  the  turn-on  and  turn-off  phase  transients  are  possible  as 

illustrated  in  Fig,4(c',  They  correspond  to  positive  (♦),  zero  (0)  and  negative 

(-)  values  of  and  Aon„  Only  six  combinations  of  the  tura-on  and  turn-off 

transient  waveform  can  exist  which  are  (0N,0FF)»  (00),  (0+),  (-0),  (♦♦),  (— ) 

and  (-♦)  as  illustrated  by  the  rap  shown  in  Fig.  4(d).  In  this  rap,  the  behavior 

of  C  (t)  comisponding  to  the  three  cases  discussed  proviously  is  also  indicated. 

The  measurements  of  tom,  torr,  S«S0N/SQrr  and  **olf/*orr  can  in  principle 

provide  enough  information  to  determine  all  the  four  emission  rates,  e*  e*.  e°  and 

•  n  p*  n 
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•p.  Hcwevor,  an  ambiguity  arises  due  to  the  complete  symmetry  of  the  results 

with  respect  to  .electrons  and  holes  and  it  is  not  possible  to  distinguish  a* 

from  Op  nor  e®  from  o®.  However,  a  determination  of  the  ratio  e®/e£  by  gotting 

below  the  threshold  of  e®  or  e®  or  a  determination  of  the  ratio  eVe*  from  dark 

^  n  p 

current  transient  described  in  section  II  will  thon  allow  a  complete  determination 
of  all  of  the  four  omission  rates  unambiguously.  It  ie  noted  that  a  knowloge  of 
the  impurity  concentration,  !JTT,  is  not  required. 

*'  typical  results  of  the  photocurrent  transient  showing  the  predicted 
features  of  current  steps  and:either  initial  rise  or  decay  after  the  step  are 
given  in  Fig.  5.  This  was  taken  on  a  gold  doped  silicon  PIN  diode  and  the 
photoresponse  comes  from  the  gold  acceptor  level  located  at  C^C^aO.54  aV. 

V.  Experimental  Results 

Experimental  results  ai*e  obatined  for  the  gold  centers  in  silicon  using 
the  methods  just  described.  The  gold  impurity  has  two  energy  levels  in  the  band 
gap  of  silicon  whose  thermal  activation  energies  are:! ^.acceptor  level,  E„-E.  «0.54  eV 
and  donor  level,  b^-EyBO.35  eV.—  The  thermal  emission  rates  of  electrons  and 
holes  et  the  acceptor  loval,  e^  and  sj0,  and  the  thennal  amission  rata  of  holes  « 
tt; the  donor  level,  e*-1#  are  determined  by  the  dark  capacitance  and  current 
transients  described  in  section  XI.  These  are  graphed  as  sblid  dots  snd  triangles 
in  Fig.6.  The  thermal  rates  at  the  acceptor  level  werealso  obtained  from  the 
high  temperature  photocurrent  experiment  described  in/ IV  and  ara  shown  as  circlas. 

•p-1  cannot  be  determined  from  the  pfctocurrent  experiment  descried  since  the 
donor  level  is  inactive  during  the  transient.  The  electron  emission  rate  free  the 
donor  level,  e*o,  is  too  slow  to  be  measured  in  all  of  those  experiments. 

Data  from  other  experiments  ere  also  shown  in  Fig.  6.  The  pulsed  field 
effect-^ata  are  shewn  as*  and  tha  noise  comor  frequency  data-fris  •ehown*  as  @  . 


Tn«  optical  cross  sections  are  obtained  from  oithor  the  low  temperature 
-photocapacitance  transient  shown  in  section  III  or  the  photocurrent  transient*.  .<* 

9  ' 

discussed  in  section  IV.  These  are  shown  in  7.  The 'data-  are  taken  at 

about  100  K  and  essentially  independent  of  temperature  ad  indicated  by  data  at  ! 
188°K  at  1.80  microns. 
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Caption  of  Figure s 


1*  The  dark  capacitance-transient  waveform,  of  .a /gold  doped.'  silicon  PtM  junction. 

(a)x-y  recordor  trace  and  (b) AC  vs  time  showing  true  exponential  decay. 

2.  The  dark  current  transient  waveform  of  a  gold  doped  silicon  P+N  junction. 

(a)x-y  recorder  trace  and  (b)Ai  vs  time  showing  initial' nonexponontial 
decay  due  to  WsW(t). 

3*  Low  temperature  photocapacitance  transient  waveform  at  the  gold  acceptor 
center  in  a  gold  doped  silicon  PtN  diode.  Curve  labeled  0.59  eV  corresponds 
to  optical  excitation  of  electrons  only  while  that  of  0.67  eV  contains  both 
:  optical  excitation  of  electrons  and  holes  at  the  gold  center  of  E  -E_»0.54  «V 

C  T 

-and  E.y-E^O.62  eV. 

H.  The  waveforms  (a),  (b)  and  (c)  of  the  high  temperature  phctocurrent 

transient  with  vR*VR(t).  PArt.(d)  shows  that  map  relating  the  wave  form  in 

(c)  to  the  ratios;  eT/e'-r.eW  nnd 

• n  P  P  P  n  n 

5.  Examples  of  experimental  traces  of  the  photocurrent  waveform  due  to  the  gold 
acceptor  level  in  a  silicon  PIN  diode. 

6.  Experimental  data  of  emission  rate  vs  temperature. from  experiments  described  in 
sections  II  and  IV  and  from  small  signal  pulsed  field  effect -O  and  from  g-r 
noise  data®. 

7.  Photoionization  cross  sections  of  electrons  and  holes  at  the  gold  acceptor 

center  and  gold  donor  center  in  silicon  at  about  100°K,  The  data  of  o°  of  the 

P-l 

gold  donor  level  are  obtained  from  the  low  temperature  photocapacitance 
method  described  in  section  III  and  the  data  of  o®Q  and  are  obtained  from 
the  high  temperature  photocurrent  method  described  in  section  IV. 
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